The detection of sequence changes in a virus population is generally accomplished by the subcloning of individual genomes and the subsequent sequence analysis of a statistically significant number of isolated samples. This method is useful for the identification of mutant alleles arising from drug resistance or reversion from a defective phenotype but is not practical as a protocol to track sequence variation quantitatively over time or to compare the selective advantage of a mutation carefully. The recent development of Pyrosequencing (Pyrosequencing AB, Uppsala, Sweden) (1,7) now allows the evaluation of allele frequency with significant ease and accuracy (6, 9) to make quantitative assessment of mutant fitness probable.
Recently, O'Meara et al. (8) described the use of Pyrosequencing to detect resistance mutations to human immunodeficiency virus (HIV) protease inhibitors from clinical samples of viral RNA and proviral DNA. In a study of four HIV-infected patients undergoing multidrug regimens, viral RNA samples were obtained and probed for the presence of previously known single nucleotide changes (at 33 different amino acid codons) that confer drug resistance. As the estimation of allele frequency was only semi-quantitative (i.e., 0%, 25%, 50%, 75%, and 100%), many potential sequences may not have been detected or monitored. Although this protocol worked well for the basic detection of specific mutant sequences emerging in the population, the experiments could not quantitatively estimate the rate of change of the mutant allele in a complex population. An accurate measurement of this rate would allow for a ranking of replication fitness of one mutant allele over another, leading to a deeper understanding of the emergence of one population over another (3) . This report describes the tracking over time of a mutant allele in a mixed population in a competitive fitness study using Pyrosequencing technologies.
To develop this approach, we used a model system, the hepatitis C virus (HCV) replicon system (5), to evaluate the dynamics of RNA genomes by following SNPs. A Huh-7 cell line was created containing a G418-selectable RNA replicon containing the termini and nonstructural genes of the HCV genome, in a manner previously described (2, 5) . During the establishment of these HCV replicon cell lines, Sanger sequencing of RT-PCR products amplified from total RNA identified several SNPs. To measure the fitness of these SNPs on replication of these genomes, a cell line bearing a single nucleotide variation of the parental sequence was mixed with cells containing the original, "wild-type" sequence. The change in the population over time was monitored by the quantitative analysis of this position, a C in the mutant sequence and a T in the wild-type. The number of replicon genomes/cell for each starter cell line (wild-type, 3100 genomes/cell; mutant, 2300) was measured by quantitative real-time RT-PCR targeting the HCV 5′ nontranslated region (4) . Equal numbers of cells (5 × 10 4 from each culture) were combined initially and then (A) Pyrograms from the first four weeks of the study. Panels 1 and 2 show the signals generated from the analysis of the wild-type (T) and mutant (C) replicon cell lines. Panels 3-6 show the changes in the peak heights derived from a co-culture that started as an equal mixture of wild-type and mutant cells over four weeks. "E" and "S" refer to the points at which the pyrosequencing enzyme mixture (E) and substrate mixture (S) were added; the "G" in panel 1 indicates a non-templated negative control nucleotide addition to confirm a lack of signal. (B) Graph of the percentage of the mutant allele observed over time. Data points from the first RT-PCR pool were fitted to an exponential decay model with offset (see text). Standard deviations for these points ranged from 0.1% to 2.9%.
co-cultured and sampled on a weekly basis for Pyrosequencing analysis. Total RNA was extracted from cells using the RNeasy ® RNA extraction kit (Qiagen, Valencia, CA, USA) and quantified by spectrophotometry. Equal amounts of total RNA (approximately 4 ng/µL final) were subjected to one-step RT-PCR (Titan One Step RT-PCR kit; Roche Applied Science, Indianapolis, IN, USA) following the manufacturer's protocol, using flanking primers (10 pmol each; Invitrogen, Carlsbad, CA, USA) to amplify a 110-bp cDNA fragment. To take advantage of the Pyrosequencing process, the reverse, or "minus-strand", primer was biotinylated. First-strand synthesis was performed at 50°C for 30 min, followed by a denaturation step at 94°C for 2 min. PCR amplification conditions were 50 cycles of denaturation at 95°C for 15 s, annealing at 58°C for 30 s, and extension at 72°C for 15 s, followed by an incubation at 72°C for 5 min. RT-PCR products were visualized using agarose gel electrophoresis to confirm both the production of cDNA and the complete use of the amplification primers (as excess biotinylated primers may interfere with Pyrosequencing); no products were obtained from no-template control samples.
Pyrosequencing was performed as per manufacturer's instructions. A 15-base positive sense ("forward") sequencing oligonucleotide for interrogating the SNP was designed whose 3′ end was adjacent to the variant position. The sequencing reactions were initiated using a predetermined nucleotide dispensation order to monitor the nucleotides in the SNP (C for the variant, T for the wild-type) and obtain quantitative estimates of the subsequent bases in the sequence (A, C, C...etc.). The Allele Quantification (AQ) program of the PSQ 96 software package (Pyrosequencing AB) was used to compare the peak heights produced at the SNP site with those of the downstream sequence to derive a percentage for each option (i.e., T or C). This analysis program compares the peak heights of neighboring dispensations (default of seven positions) to assess the percentage at the SNP; in these experiments, 10 positions were routinely used. In all of the assays performed, the sequence of the adjacent bases was stable and the pattern of pyrograms was as predicted (data not shown).
Comparison of the pyrograms from the time course ( Figure 1A ) revealed a gradual reduction in the percentage of the population containing the mutant (C) nucleotide and an increase in the wild-type (T) sequence (Table 1 and Figure 1B) . Because of normalization performed by the AQ program, the percentage of wild-type genomes mirrors the percent decrease of the mutant genome (i.e., % mutant + % wild-type is approximately 100%; Table 1 ). Quantitation estimates were reproducible both between RT-PCRs (n = 2) and Pyrosequencing runs (n = 6), and differences between the analyses were negligible ( Table 1 ). The percentage of the mutant population was plotted against time ( Figure 1B ) and fitted to a simple exponential decay model with offset (y = [(a)(e -bx )]+c, where a is the percentage of the mutant allele at t 0 , b is the rate constant, and c is the offset) using the Mac Curve Fit program (K. Raner Software, Mt. Waverley, Australia).
Estimates of percentage of the mutant allele at the start of the experiment (t 0 , a = 41±3%) are in good agreement with the expected value [i.e., (2300 mutant genomes)/(2300 + 3100 total genomes) = 43%]. The apparent rate constant for the disappearance of the mutant allele was estimated (b = 1.1 ± 0.2), and the t 1/2 was calculated to be 1.5 ± 0.1 weeks. An offset was used in the exponential decay model to accommodate the observation that the mutant allele did not completely disappear ( Figure 1B) . Although the estimated percentages for the mutant allele at later time points are nearing the background of the assay (approximately 2%), suggesting that the mutant may be approaching zero, it is also possible that the variant genome population stabilized at a level (2%-5%) that can be maintained under co-culture conditions with the dominant wild-type sequence.
Although Pyrosequencing has been previously employed as a means to detect the presence of mutations isolated from clinically relevant samples (8), the study did not monitor changes in the frequency of SNPs over time, as quantitation was performed by simple visual inspection of the sequencing results (i.e., comparing peak heights by eye to the size of known single signals). Here the AQ analysis package has been used to quantitate peak height changes accurately at a defined SNP and derive a percentage value for each variant nucleotide at that position. By quantitatively monitoring SNPs within a mixed population, a valid estimate of allele fitness can be obtained. Huh-7 cells bearing either the wild-type (wt; T) or a mutation (mut; C) replicon were mixed in equal numbers and co-cultured. RNA from the cell lines were analyzed for HCV copy number using quantitative TaqMan ® RT-PCR; percentages shown ("Week 0") are based on the calculated genomes/cell values. Samples were collected weekly, and total RNA was extracted and analyzed by Pyrosequencing of RT-PCR products. Data from two independent RT-PCRs were sequenced multiple times. Results of the allele estimations (with standard deviation) were generated using the AQ software package (Pyrosequencing AB). 
Selection of HygromycinResistant Arabidopsis Seedlings
BioTechniques 34: 28-30 (January 2003) A large population of reporter genetagged Arabidopsis mutant lines is a powerful tool for use in functional genomics in the post-genome sequencing era. Introduction of transgenes has become easy, using the techniques of vacuum infiltration or floral dipping (1,2).
Transgenes cloned into T-DNA vectors were introduced first into Agrobacterium and then into plants using these techniques. To select transgenic plants, antibiotic resistance, the gene for which is carried on the T-DNA, is commonly used for selection against sensitive seedlings. Hygromycin is one of the more popular antibiotics used for selection of transgenic Arabidopsis. However, the main problem with hygromycin selection is that it is toxic even to resistant plants during long exposure. Such exposure causes damage to the seedlings and abnormal development. To avoid these side effects, the period during which seedlings are grown on the selection plate should be as short as possible. Hygromycin causes retardation of sensitive seedlings and does not kill them. This makes it difficult to select resistant seedlings, and we usually have to wait 2-3 weeks for the true leaves of resistant seedlings to appear.
To make hygromycin screening more efficient, we tried several different selection media. Here we report a simple medium for the hygromycin selection of transgenic Arabidopsis. It gives a clear contrast between resistant and sensitive seedlings in one week. For the hygromycin selection, we used T1 seeds from Arabidopsis thaliana ecotype Col-0 plants that had been infected with Agrobacterium tumefaciens GV3101 (pMP90RK) containing a reporter gene tagging T-DNA vector pPCVICEn4HPT (3). The T1 seeds were surface-sterilized by incubating in 70% ethanol for 1 min, followed by treatment with 10% bleach with 0.1% Triton ® X-100 for 10 min, and then rinsed with distilled water three times. After the sterilization, seeds were suspended in 0.1% agar solution and sowed onto selection medium. Essential types of selection medium were tested. We examined eight media. One was a germination medium (GM) containing 1× Murashige and Skoog mineral salts (Wako Pure Chemical Industries, Osaka, Japan), 0.8% Bacto agar, 1% sucrose, 1× vitamin mixture (Sigma, St. Louis, MO, USA), 0.5 g/L MES, pH 5.7, 20 mg/L hygromycin B (Roche Diagnostics, Basel, Switzerland), and 100 mg/L cefotaxime sodium salt (Wako Pure Chemical Industries) and modified GM by elimination of some components. These include GM without sucrose, mineral
